Nitrate reductase (NR) activity is necessary for the synthesis of nitric oxide (NO), a key signaling molecule in plants. Here, we investigated the effect of NR deficiency on NO production and phenylpropanoid metabolism of Arabidopsis thaliana leaves. HPLC-mass spectrometry analysis showed that the NR double mutant (nia1 nia2) is deficient in the synthesis of sinapoylmalate (SM), the main phenylpropanoid end-product in wild-type leaves, resulting in accumulation of its precursor sinapoylglucose (SG). While real-time PCR analysis revealed no significant difference at the transcript level, sinapoylglucose:malate sinapoyltransferase (SMT) activity in leaf extracts was reduced in the mutant compared with the wild type. The low levels of SM in nia1 nia2 leaves do not result from the deficient nitrogen incorporation into amino acids, since the recovery of the amino acid content of nia1 nia2 by irrigating the plants with glutamine did not change the metabolic profile of this mutant. In contrast, an increased supply of nitrate stimulated NR activity and NO production, and enhanced SM and decreased SG levels in both genotypes. Nevertheless, sinapic acid esters in nia1 nia2 were not recovered when compared with those detected in the leaves of the wild-type plant. Mutant plants grown in medium supplemented with malate and an NO donor recovered SM to the levels of wild-type leaves. Overall, the results suggest that SMT activity is dependent on the NR-dependent steady-state levels of NO during plant development.
Introduction
Phenylpropanoid compounds constitute a major class of secondary metabolites that play important roles in plant physiology and defense (Dixon and Paiva 1995) . They accumulate in a large diversity of conjugates, such as hydroxycinnamic acid esters, lignans and lignan precursors, flavonoids and anthocyanins, in response to the action of various biosynthetic enzymes whose transcript levels increase in a tissue-specific manner in different organs and at different developmental stages (Dixon et al. 2002 , Naoumkina et al. 2010 , Hichri et al. 2011 . A large variety of environmental stimuli activate the synthesis of phenylpropanoid compounds, such as light intensity and nitrogen status (Dixon et al. 2002 , Hemm et al. 2004 ). They also accumulate to provide protection against abiotic stresses and function as signal molecules during plant-pathogen interactions (Dixon et al. 2002 , Naoumkina et al. 2010 .
The first enzyme in the phenylpropanoid pathway is phenylalanine ammonia-lyase (PAL), which catalyzes the conversion of phenylalanine to cinnamic acid, the precursor of all phenylpropanoids (Dixon and Paiva 1995) . In Arabidopsis (Fig. 1 ) and other members of the Brassicaceae family, the major end-products of the phenylpropanoid pathway are the sinapic acid esters, that are synthetized by a family of acyltransferases dependent on 1-O-sinapoyl-b-glucose (SG) (Fraser et al. 2007 ): sinapoylmalate (SM), which is produced in the leaves and protects against UV light (Landry et al. 1995 , Sheahan 1996 ; and sinapoylcholine, which is found in embryos and provides sinapic acid and choline for germinating seedlings (Milkowski et al. 2004) . Sinapoylated anthocyanins can also be accumulated in plants exposed to high irradiance, protecting vegetative tissues against photo-oxidative damage (Steyn et al. 2002) . However, it is known that sinapate esters, characteristic of Brassica vegetables, give a bitter taste and astringency to these plants (Cartea et al. 2011) . Thus, the accumulation of these compounds is undesirable in horticultural crops of economic significance.
Plant responses to various stresses are frequently mediated by signaling molecules that trigger the activation of the phenylpropanoid pathway, such as nitric oxide (NO) . NO is a gaseous free radical that has multiple functions in plants (Wendehenne and Hancock 2011) . It is a major signaling molecule in a large number of developmental processes and is also an essential signal in plant disease resistance, and other stress-related processes (Wang and Wu 2005 , Besson-Bard et al. 2007 . Indeed, as an important mediator in plant defense responses, NO was first reported to activate the expression of genes for PAL and chalcone synthase (CHS), two early enzymes of the phenylpropanoid pathway in Arabidopsis (Delledonne et al. 1998) . Consistent with these results, NO was shown to stimulate the accumulation of phenylpropanoids as part of the defense mechanism of soybean plants against the causal agent of stem canker disease (Modolo et al. 2002) . The increased biosynthesis of flavonoids and anthocyanins was also related to endogenous NO production in Arabidopsis plants exposed to UV-B irradiation (Mackerness et al. 2001 , Tossi et al. 2011 , Zhang et al. 2011 ).
The molecular mechanism by which NO interferes in plant metabolism has only recently been revealed. In addition to altering the transcription of genes of the phenylpropanoid pathway, NO modulates the expression of genes involved in other signaling pathways related to defense, redox homeostasis and primary metabolism (Palmieri et al. 2008) . As a radical, NO alters redox homeostasis in cells by reacting with oxygen-derived species, such as superoxide anion, to generate peroxynitrite and other NO-derived species that can cause protein modifications, such as S-nitrosylation and tyrosine nitration (Saito et al. 2006 , Astier et al. 2011 ).
The catalytic mechanism for NO synthesis in plants is still controversial. Although various studies have suggested that plants produce NO from the oxidation of L-arginine by an NO synthase (NOS)-like enzyme, proteins with high homology to mammalian NOS have not yet been isolated (Crawford 2006 . Apart from NOS-like enzymes, nitrate reductase (NR) has been suggested to play a pivotal role in NO synthesis in plants. The primary role of NR in plants is nitrogen assimilation, in which it catalyzes the reduction of nitrate to nitrite, which is further reduced to ammonium by the nitrite reductase (NiR) enzyme and then incorporated into amino acids and other nitrogen-derived compounds (Lea et al. 1990 ). In addition to its role in primary metabolism, evidence suggests that NR, which is encoded by two homologous genes (NIA1 and NIA2) in Arabidopsis, could also catalyze the reduction of nitrite to NO (Yamasaki and Sakihama 2000) . NR was proposed to be responsible for elicitin-induced NO production in Nicotiana benthamiana . Moreover, it has been suggested that the mitochondrial respiratory chain can provide the electrons necessary for the reduction of nitrite to NO (Wulff et al. 2009 ). During the incompatible interaction between A. thaliana and Pseudomonas syringae, the reduction of nitrite by the mitochondrial electron transport system was shown to represent the main mechanism used for NO production (Modolo et al. 2005) . In this case, NR is responsible for supplying the substrate for NO synthesis, i.e. nitrite.
The A. thaliana double mutant nia1 nia2 is deficient in the two structural genes for NR, retaining only traces of leaf NR activity (Wilkinson and Crawford 1993) . Additionally, this mutant presents reduced levels of NO and amino acids in the leaves (Modolo et al. 2006) . However, the addition of glutamine or arginine to the nutrient solution during plant cultivation restores the amino acid contents to levels comparable with those of the wild type. This treatment, however, does not recover the levels of NO ), thus providing an interesting protocol to assess the signaling role of NO in different processes in plants.
Although NO has been demonstrated to activate the synthesis of phenylpropanoids by stimulating the transcription of the initial enzymes of this pathway (Delledonne et al. 1998) , the effect of NO on the tissue-specific steps of phenylpropanoid metabolism is not well established. Considering that NR is essential for the synthesis of NO in plants, in this study, we used the nia1 nia2 mutant as a model to analyze the effect of NR deficiency on phenylpropanoid metabolism of A. thaliana leaves. The content of the sinapic acid esters, the major compounds accumulated in this tissue, was analyzed. Our results show that SM synthesis was compromised in the NR-deficient plants and suggest a possible signaling role for NO in this pathway.
Results
Production of sinapoylmalate is affected in nia1 nia2 leaves
Leaf extracts of wild-type and nia1 nia2 plants of A. thaliana were analyzed using HPLC-mass spectrometry (MS) to identify the production of phenylpropanoids. The methodology allowed the identification of the characteristic sinapic acid esters, SG, SM and 1,2-di-O-sinapoyl-b-glucose (DSG), and, additionally, the flavonol glycosides of kaempferol, kaempferol 3-Orhaminosyl-glucoside 7-O-rhaminoside, kaempferol 3-glucoside 7-O-rhaminoside and kaempferol 3-O-rhaminoside 7-O-rhaminoside. The chromatographic profiles of the compounds identified in the leaves of the wild type and the nia1 nia2 mutant when plants were grown in soil are shown in Fig. 2 , and the retention times and the m/z of their protonated and deprotonated ions are presented in Supplementary Table S1 . SM was a major compound in the leaves of wild-type plants, and small amounts of kaempferol derivatives were also identified, which is consistent with previously published results (Besseau et al. 2007 ). In contrast, in nia1 nia2, the level of SM was significantly lower when compared with the wild type, and there was an accumulation of its precursor, SG. These results indicate that the mutant leaf is deficient in the synthesis of SM.
The enzyme that catalyzes the conversion of SG to SM, 1-Osinapoylglucose:malate sinapoyltransferase (SMT; EC 2.3.1.92), has been well characterized (Strack 1982 , Lehfeldt et al. 2000 , Hause et al. 2002 . The enzymatic activity, measured using crude leaf extracts prepared from adult plants, showed that the activity of SMT of 4.74 ± 0.84 pkat mg À1 protein in the wild-type extract was reduced to 1.04 ± 0.11 pkat mg À1 protein in the mutant leaf extract (Fig. 3) . The expression of SMT was also assessed to establish whether the low enzymatic activity in nia1 nia2 could be related to the levels of transcripts for SMT. However, SMT expression in leaves of the mutant is not significantly different from that of the wild type (Fig. 3) .
In addition to SM synthesis, SMT enzyme has a small amount of hydrolytic activity, which leads to the production of DSG and sinapic acid (Stehle et al. 2008 ). Consistently, a small amount of DSG was detected in the mutant leaf, whereas in the wild type, only traces of SG and DSG were identified (Fig. 2) . The synthesis of DSG is also supposed to result from SST activity (see Fig. 1 ), although this acyltransferase was proposed from a genetic approach and awaits biochemical proof (Stehle et al. 2009 ). 
Increased nitrate availability stimulates conversion of SG into SM
In order to evaluate the effects of nitrate irrigation on SM production, plants were grown on low (2.5 mM) and high nitrate (12.5 mM). As shown in Fig. 4 , after treatment on low nitrate, the wild-type leaves accumulated 1,540.9 ± 89.2 nmol g FW À1 of SM, while the mutant only accumulated 297.0 ± 70.0 nmol g FW À1 of SM and, additionally, 290.6 ± 33.8 nmol g FW À1 of SG. In the mutant, the occurrence of sinapic acid esters in the leaves was sensitive to variations of the nitrate concentration in the irrigation medium. When the mutant plants were grown on high nitrate, the level of SG was decreased (103.9 ± 10.6 nmol g FW À1 ) and the level of SM was increased (660.1 ± 62.4 nmol g FW À1 ) compared with cultivation on low nitrate (Fig. 4) . Nevertheless, the levels of SM were not recovered when compared with those detected in the leaves of the wild-type plant. The variation of the nitrate concentration did not affect the SM content in wild-type leaves, probably because conversion of SG to SM is already maximal at 2.5 mM nitrate. However, this effect was observed when plants were cultivated in vitro (see below).
Considering the role of NR in the reduction of nitrate for the supply of nitrogen compounds, including phenylalanine, the amino acid precursor in the phenylpropanoid pathway (Dixon and Paiva 1995) , one possibility was that poor nitrogen assimilation in nia1 nia2 could cause changes in the secondary metabolism of leaves. However, as previously demonstrated, the deficient amino acid levels in nia1 nia2 leaves can be recovered by irrigating the plants with glutamine or arginine ). Thus, the mutant plants were also irrigated with glutamine, which allowed the recovery of their amino acid levels ( Supplementary Fig. S1 ), and their phenylpropanoid production profile was evaluated. However, as shown in Fig. 4 , treatment with glutamine did not significantly affect the production of sinapic acid esters in nia1 nia2 leaves, indicating that the observed changes should not be attributed to a deficiency in nitrogen assimilation in the mutant plant.
NR activity is enhanced by the increased availability of nitrate
In A. thaliana, the NIA2 gene is responsible for 90% of the NR activity, and NIA1 is responsible for the remaining 10%. However, the mutant nia1 nia2 used in this work was not characterized as a null mutant for NR because it retained some residual activity (Wilkinson and Crawford 1993) . As a result, it was possible to evaluate the effect of nitrate supply on the in vitro NR activity of wild-type and nia1 nia2 mutant plants. As shown in Fig. 5 , the NR activity in leaf extracts of the wild-type plants grown on low nitrate (2.5 mM) was 5.427 ± 0.089 mmol NO 2 À min À1 mg À1 , while the mutant, as expected, showed a significantly decreased amount of NR activity (0.336 ± 0.086 mmol NO 2 À min À1 mg À1 ). When the plants were grown on high nitrate (12.5 mM), the NR activity increased to 6.873 ± 0.742 and 0.876 ± 0.231 mmol NO 2 À min À1 mg À1 in wild-type and mutant leaves, respectively. Irrigation with glutamine had no effect on NR activity of the mutant leaf (0.401 ± 0.095 mmol NO 2 À min À1 mg À1 ). These results show that the nia1 nia2 plants, although presenting low NR activity, were able to respond to the concentration of the substrate. Thus, in our experimental conditions, NR activity in nia1 nia2 leaves accounted for 6.2% of the activity of the wild type when the plants were irrigated on low nitrate and for 12.7% when irrigated with a high nitrate supply. Nevertheless, it was possible to observe a large difference in the NR activity between wild-type and mutant leaves. 5 The effect of nitrate supply on the in vitro NR activity and NO emission. Plants were grown in soil and irrigated with nutrient solution containing low (2.5 mM) or high (12.5 mM) nitrate (+NO 3 À ). Where indicated, the culture medium of the mutant plant was also enriched with glutamine (10 mM). NR activity was measured in leaf extracts from 4-week-old plants. Data are presented as the mean ± SD of three independent analyses performed in triplicate. Fig. 4 Sinapic acid esters accumulated in leaves of wild-type (WT) and mutant (nia1 nia2) leaves of A. thaliana: the effect of nitrate supply. Plants were grown in soil and irrigated with low (2.5 mM) and high (12.5 mM) nitrate (+NO 3 À ) and 10 mM glutamine (+Gln), as indicated. Data are presented as the mean ± SD of three independent analyses.
Increased nitrate availability stimulates NO emission
It has been shown that nia1 nia2 leaves are deficient in the production of NO (Modolo et al. 2005) and that the recovery of amino acid levels, through irrigation with arginine or glutamine, does not significantly alter NO emission . Fig. 5 confirms these data and further demonstrates that the higher nitrate supply increases NO emission by leaves, in both wild-type and mutant plants. Thus, while the NO emission by the wild-type leaves was 1.79 ± 0.18 nmol h À1 g FW À1 on low nitrate, in the mutant the emission was 0.62 ± 0.12 nmol h À1 g FW
À1
, and irrigation with glutamine did not significantly alter this value (0.84 ± 0.18 nmol h À1 g FW À1 ). When the plants were cultivated on high nitrate, the NO emission increased to 2.91 ± 0.25 and 1.29 ± 0.17 nmol h À1 g FW À1 in wild-type and mutant leaves, respectively.
As discussed above, the exact sources of NO are not yet established in plants, but NR has emerged with increasing relevance, either due to its nitrite-reducing activity (Yamasaki and Sakihama 2000, Yamamoto-Katou et al. 2006) or due to its ability to provide nitrite for NO synthesis (Modolo et al. 2005) . Notwithstanding the mechanism used for the synthesis of NO, our results show that the increased availability of nitrate has a positive effect on NO emission, even in NR-deficient leaves.
Conversion of SG to SM is stimulated by NO and malate
The analysis of the phenylpropanoid contents showed that in NR-deficient leaves, the conversion of SG to SM is reduced compared with the wild-type plant (Fig. 2) . The effects of nitrate on the contents of the sinapic acid esters (Fig. 4) and on NR activity and NO emission (Fig. 5) suggest that NO could be the signaling molecule for the conversion of SG to SM. Additionally, it is possible that the impaired SMT activity in the nia1 nia2 leaves (Fig. 3) is related to the levels of malate, a substrate of the enzyme. A previous report showed that SMT activity in radish cotyledons is controlled by excess malate and that the accumulation of this organic acid is dependent on nitrate supply (Strack et al. 1986 ). Thus, the nitrate-dependent activity of SMT could explain the decreased conversion of SG to SM in the nia1 nia2 leaves. Indeed, gas chromatography-MS analysis confirmed that the nia1 nia2 leaves have reduced levels of malate compared with the wild type ( Supplementary Fig. S2 ). Thus, we evaluated whether NO and/or malate were the limiting factors in the synthesis of SM in nia1 nia2 leaves. Plants were grown in vitro, which allowed the addition of malate and NO donor to the culture medium. The profiles of leaf amino acids ( Supplementary Fig. S1 ) and secondary metabolites (Fig. 6 ) in plants grown in vitro were similar to those cultivated in soil; however, SG and DSG were also identified in wild-type leaves, and SM was again the major compound. Growth on high nitrate increased the levels of SM and decreased the levels of SG, although the variation in the mutant plants was lower than in the wild-type plants. In mutant plants grown on low nitrate, the level of SG was 372.3 ± 128.2 nmol g FW
À1
, and that of SM was 87.4 ± 13.5 nmol g FW
. In the presence of 2.5 mM malate, the concentration of SM was not significantly increased. However, treatment with 5 mM malate increased the SM concentration to 342.3 ± 110.2 nmol g FW À1 . Further addition of the NO donor had a significantly positive effect on SM accumulation. Thus, following the addition of 5 mM malate and 100 mM NOC5 [3-(aminopropyl)-1-hydroxy-3-isopropyl-2-oxo-1-triazene], the level of SM in the nia1 nia2 leaves was 612.6 ± 85.3 nmol g FW
, and in plants grown with 5 mM malate and 200 mM NOC5, the SM content increased to 947.7 ± 62.7 nmol g FW À1 . These results show that in the presence of malate, NOC5 was able to induce the dose-dependent effective recovery of SM because the levels achieved at the highest concentration of NOC5 were similar to those in the leaves of wild-type plants grown in vitro on high nitrate (921.2 ± 88.9 nmol g FW À1 ). Notably, cultivation of the mutant plant with NOC5 alone was not able to recover the production of SM (Fig. 6) , indicating that the action of NO is dependent on malate. These results are consistent with the observation that malate levels are reduced in nia1 nia2 leaves and that this reduction could affect the activity of malate-responsive SMT (Strack et al. 1986 ). However, the synergistic effect of NO with malate in the production of SM suggests that the activity of SMT could be additionally dependent on NO levels during plant development. In accordance with this, in malate-treated nia1 nia2 NOC5 increased the content of SM (Fig. 6) , even though it did not further increase the level of accumulated malate ( Supplementary Fig. S3 ). 
Discussion
In this work, we used the mutant nia1 nia2, which has residual NR enzymatic activity, to investigate the signaling role of NO in the phenylpropanoid pathway in A. thaliana leaves. The results showed that significant differences occurred between the leaves of the wild-type plant and the NR-deficient plants in the production of sinapic acid esters, characteristically accumulated in the Brassicaceae family (Landry et al. 1995 , Steyn 2002 .
In plants grown in normal conditions, the wild-type leaf mainly accumulated SM, which is the end-product of the pathway. In contrast, the mutant nia1 nia2 had less SM in its leaves, but it accumulated its precursor, SG, which is also derived from sinapic acid. Still, the levels of the metabolites were much lower in the mutant because the wild-type leaf showed a large accumulation of SM (Fig. 2) . These results suggested that the activity of the enzyme responsible for converting SG into SM, SMT, is impaired in the NR-deficient plants, and this hypothesis was confirmed in assays with crude leaf extracts (Fig. 3) . The genetic analysis showed that the expression of SMT is not changed in the mutant plant (Fig. 3) , thus eliminating the possibility of an effect at the level of transcription.
The deficiency in NR activity decreases the incorporation of nitrogen into amino acids and might affect the production of secondary metabolites. However, in the mutant plants treated with glutamine, the amino acid profile was recovered ( Supplementary Fig. S1 ), but leaves remained deficient in the conversion of SG to SM (Fig. 4) . In contrast, the treatment with nitrate, which enhanced NR activity and NO production (Fig. 5) in nia1 nia2 leaves, but did not recover the amino acid content ( Supplementary Fig. S1 ), was able to increase SM and decrease SG levels (Figs. 4, 6 ), suggesting that SMT activity could be influenced by NO. Accordingly, the presence of NO during the development of nia1 nia2 plants recovered SM production (Fig. 6) .
It is well known that the metabolism of malate strongly affects SMT activity (Strack et al. 1986 ). Indeed, malate was able to stimulate the conversion of SG to SM when included in the culture medium (Fig. 6) . Thus, the reduced levels of malate in nia1 nia2 plants could account at least in part for the deficient accumulation of sinapate esters. However, the levels of malate in leaves of nia1 nia2 plants grown on high nitrate were similar to those of wild-type plants grown on low nitrate ( Supplementary Fig. S2 ). Despite this, the levels of SM were not recovered in the mutant plant (Fig. 4) . Because of this, the low activity of SMT cannot be attributed only to the decreased levels of malate. Furthermore, plants cultivated in the presence of malate and NO recovered SM levels (Fig. 6 ) while having similar levels of endogenous malate ( Supplementary Fig. S3) .
Overall, the results suggest that reduced steady-state levels of NO during development of NR-deficient A. thaliana affect SMT activity. NO has been implicated as a key signaling molecule in various different processes in plants , and the metabolism of sinapate esters seems to be another target of this radical. Whether a lower level of NO in NR-deficient plant results in misfolding of SMT or interferes with the conversion of SG to SM by another mechanism needs further investigation.
The Brassicaceae family includes a wide range of crops of great economic importance, extensively used in the diet throughout the world. The beneficial effects of Brassica vegetables on health improvement have been partially attributed to their complex mixture of phytochemicals possessing antioxidant activity (Cartea et al. 2011 ). However, the bitterness and astringency of sinapic acid esters (Ismail et al. 1981 ) make the use of the leaf vegetable unsuitable for human or animal consumption. The present study carried out with A. thaliana, the model of Brassica plants, suggests that manipulation of nitrogen nutrition could represent an alternative toward the improvement of economically important Brassica vegetables regarding the content of unpalatable and anti-nutritional compounds.
As illustrated in Fig. 1 , the synthesis of SM by SMT results from the transfer of the sinapoyl moiety of 1-O-sinapoyl-b-Dglucose to L-malate (Strack 1982) . SG is also the immediate precursor of sinapoylcholine, and in this case the acyl group is transferred to choline by the enzyme sinapoylglucose:choline sinapoyltransferase (SCT; EC 2.3.1.91) (Strack et al. 1983 ). The genes for SMT and SCT are arranged in a cluster that also contains the gene for sinapoylglucose:anthocyanin sinapoyltransferase (SAT), an enzyme required for the synthesis of sinapoylated anthocyanins (Fraser et al. 2007 ). Because of the sequence similarity between these acyltransferases and serine carboxypeptidases, they were initially classified as serine carboxypeptidase-like proteins (Lehfeldt et al. 2000) . It was proposed that these enzymes share a common ancestry and, by divergent evolution, have developed novel functions in plants ranging from hydrolase to acyltransferase activity (Lehfeldt et al. 2000 , Stehle et al. 2008 , Milkowski and Strack 2010 .
Seeds of brassicaceous plants, such as canola, accumulate sinapoylcholine and related sinapate esters that prevent the use of seed protein for food and feed (Nazck et al. 1998 , Rawel et al. 2000 . Considering that the metabolism of sinapate esters in seeds is controlled by the same family of SG-dependent sinapoyltransferase enzymes (Fraser et al. 2007) , there is a possibility that control of nitrogen nutrition could also be a means to manipulate the content of these anti-nutritive compounds in seeds of oilseed brassicas of economic importance.
Materials and Methods

Plant material and growth conditions
Wild-type and NR-deficient (nia1 nia2) plants of A. thaliana L. ecotype Columbia-0 were used in the experiments. The seeds were germinated aseptically, cultivated in perlite substrate : vermiculite (1 : 1) and irrigated three times a week with a nutrient solution composed of 5 mM KH 2 PO 4 , 2.5 mM (NH 4 ) 2 SO 4 , 1 mM MgSO 4 , 0.5 mM CaCl 2 and micronutrients as described by Wilkinson and Crawford (1993) . For the low nitrate supply, 2.5 mM NH 4 NO 3 and 10 mM KCl were added to the medium, while 2.5 mM NH 4 NO 3 and 10 mM KNO 3 were included in the high nitrate supply. For some treatments, glutamine (10 mM) was added to the nutrient solution used for irrigation of nia1 nia2 plants according to Oliveira et al. (2009) . Plants were also cultivated in vitro in sterile medium supplemented with 2.8% phytagel and 1% sucrose. For some treatments, malate and the NO donor NOC5 (Sigma Aldrich) were added at the concentrations specified in the figure legends to the culture medium of in vitro cultivated plants. The plants were maintained in a growth chamber under a 12/12 h photoperiod with 90 mmol photons m À2 s À1 of light intensity at 22 C.
Measurement of NR activity
The NR activity measurements were carried out according to Scheible et al. (1997) with modifications. Briefly, leaves from 4-week-old plants were ground with liquid nitrogen and resuspended in extraction buffer at 1 : 6 (w/v) for the wild type, and 1 : 3 (w/v) for the mutant, containing 50 mM HEPES-KOH (pH 7.5), 1 mM EDTA, 7 mM cysteine, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 25 mM leupeptin, 10 mM FAD and 5 mM Na 2 MoO 4 . The suspension was centrifuged at 10,000Âg for 10 min at 4 C, and the supernatant used for determination of NR activity. The enzymatic activity was measured by mixing the extract with the assay buffer (v/v) that contained 50 mM HEPES-KOH (pH 7.5), 1 mM EDTA, 10 mM KNO 3 and 1 mM NADH. After different times of incubation (0, 10, 20 and 30 min) under dark conditions, the nitrite produced was measured using the Griess reagent and the protein content was determined by the Bradford method (Bradford 1976 ).
Fluorimetric analysis of NO emission
The NO emission was determined as described by Seligman et al. (2008) with modifications. Briefly, leaf samples were washed with deionized water and incubated in 300 ml of a solution containing the fluorescent probe 4,5-diaminofluorescein-2 (DAF-2) at 25 mM in 100 mM phosphate buffer, pH 7.2, at room temperature in the dark. After 1 h, the leaves were discarded, and the solution was diluted 5-fold in phosphate buffer, resulting in a DAF-2 concentration of 5 mM. The fluorescent emission at 515 nm under an excitation of 495 nm was recorded using an F-4500 spectrofluorometer (Hitachi Ltd). The basal DAF-2 fluorescence in the absence of leaf tissue was subtracted from each sample. Standard curves were obtained using known concentrations of a saturated NO solution (1.75 nmol ml À1 ) prepared as described by de Oliveira et al. (2008) .
Extraction and analysis of secondary metabolites
The extraction of phenylpropanoids from the leaves was conducted according to Hagemeier et al. (2001) . Briefly, frozen leaf material was homogenized in an Eppendorf tube using a small pestle, shaken at room temperature for 15 min with an aqueous solution of 50% methanol (v/v) at 20 ml per 10 mg FW, and centrifuged for 15 min at 15,000Âg. The extraction procedure was repeated, and the supernatants were combined where appropriate. The solvent was removed at 40 C with a CentriVap (Labconco), and the residue was redissolved in 50% aqueous methanol (20 ml per 10 mg initial FW) and subjected to analysis on a Shimpack VP-ODS C-18 column (4 mm, 4.6Â250 mm) as part of the Shimadzu HPLC system (Shimadzu Corporation), according to Besseau et al. (2007) , using acetonitrile/water/ formic acid (10/89.9/0.1) as solvent A and acetonitrile/water/ formic acid (80/19.9/0.1) as solvent B. The gradient conditions at 1 ml min À1 flow rate at 30 C were as follows: 100% solvent A to 50% solvent B for 50 min, 50% solvent B to 100% solvent B for 5 min, 100% solvent B to 100% solvent A for 5 min, followed by a 10 min re-equilibration in 100% solvent A. The retention time and UV absorption spectrum of the phenylpropanoids were detected by measuring kaempferol and sinapic acid esters at 345 nm with a photodiode array detector model SPD-M20A. Kaempferol and sinapic acid were used as standards for the quantification of flavonols and sinapic acid esters, respectively.
Characterization of phenylpropanoids using mass spectrometry MS analysis of the sinapic acid esters and flavonols was performed on a high-performance liquid chromatograph operating as described above, and connected in series to a mass spectrometer (MS/MS) Esquire 4000 (Bruker Daltonics), with an electrospray ionization (ESI) source and an ion-trap analyzer. The mass spectra were acquired with a scan range from 100 to 800 m/z; the MS parameters were set as follows: ESI source in positive or negative ion mode; capillary voltage, 4,000 V; capillary exit, 110 V; skimmer 1, 12.4 V; skimmer 2, 5 V; dry gas (N 2 ) temperature, 310 C; flow rate, 9 l min
À1
; nebulizer, 30 psi; and MS/MS fragmentation energy, 1.4 V. The product peaks were identified by their fragmentation pattern relative to data reported in the literature (Tohge et al. 2005 , Stobiecki et al. 2006 ).
Determination of SMT activity
SMT activity was measured according to Lorenzen et al. (1996) . Briefly, the leaves of 4-to 5-week-old plants were macerated in 5 vols. of 0.1 M phosphate buffer, pH 6.2, containing 20% polyvinylpolypyrrolidone (w/v). The extracts were centrifuged at 1,000Âg for 5 min, and the supernatants were used. The reaction mixture contained 1 mM SG and 100 mM malate in 0.1 M phosphate buffer, pH 6.0. The reaction was initiated by the addition of protein extract (10 ml). The assays were carried out at 30 C for 60 min and terminated by the addition of an equal volume of methanol. The samples were analyzed for the synthesis of SM at 330 nm using HPLC as described above. The protein concentration was determined using the Coomassie blue binding method with bovine serum albumin as a standard (Bradford 1976 ).
The isolation of SG was carried out according to Lorenzen et al. (1996) with modifications. Briefly, 8 g of nia1 nia2 leaf material was extracted with 50% methanol, as described above for the extraction of phenylpropanoids. The aqueous extract was partitioned twice with 5 ml of chloroform, and the aqueous phase was again reduced in vacuum to 1 ml. The aqueous residue was applied to the Merck Lichorolut C 18 , reverse phase cartridge, which was then eluted with 2Â 1 ml of water, and then 1 ml each of 5, 10, 15, 20, 30, 50 and 100% methanol. Each fraction was analyzed by HPLC, and SG was eluted at 30% methanol. SG was concentrated under a vacuum at 40 C and resuspended in phosphate buffer pH 6.0.
Analysis of gene expression
Total RNA was extracted from the A. thaliana leaves using Trizol Õ reagent (Invitrogen). After treatment with Amplification Grade DNase I (Invitrogen), cDNA was synthesized using the ImProm II Reverse Transcriptase System (Promega) following the manufacturer's instructions. Gene expression was evaluated using real-time PCR using the Platinum SYBR Õ Green qPCR SuperMix-UDG kit (Invitrogen) and the Real-Time PCR System 7500 (Applied Biosystems). The following specific primer pair for the SMT gene was used in the reactions: 5 0 -CCATATGCTTATGGTATGGGAT-3 0 (forward) and 5 0 -TATGATATTCTTCAGTAAGTTTCA-3 0 (reverse). The analysis of the amplification plots was performed using the 7500 System Software. The results were normalized to the RNA expression of the internal control AT4G2641 (forward primer, 5 0 -A GAGCGAAGAGGCACAATTCT-3 0 ; reverse primer, 5 0 -GCTAAA GCCGTCCTCTCAAG-3 0 ), which presents a constant expression pattern in Arabidopsis (Czechowski et al. 2005) .
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